The high temperature gas cooled reactor (HTR) is developing rapidly toward a modular, compact, and integral direction. As the main structure material, graphite plays a very important role in HTR engineering, and the reliability of graphite component has a close relationship with the integrity of reactor core. The graphite components are subjected to high temperature and fast neutron irradiation simultaneously during normal operation of the reactor. With the stress accumulation induced by high temperature and irradiation, the failure risk of graphite components increases constantly. Therefore it is necessary to study and simulate the mechanical behavior of graphite component under in-core working conditions and forecast the internal stress accumulation history and the variation of reliability. The work of this paper focuses on the mechanical analysis of pebble-bed type HTR's graphite brick. The analysis process is comprised of two procedures, stress analysis and reliability analysis. Three different creep models and two different reliability models are reviewed and taken into account in simulation. The stress and failure probability calculation results are obtained and discussed. The results gained with various models are highly consistent, and the discrepancies are acceptable.
Introduction
The high temperature gas cooled reactor is one of the candidate reactor types of the fourth generation advanced nuclear reactor [1] . At present, the development of pebblebed type HTR technology is oriented to modularization, miniaturization, and integration. The side reflective of the reactor core is piled up by a large number of graphite bricks. The reliability of side reflector graphite component impacts the integrity and safety of reactor core directly. This paper mainly focuses on the analysis and study of graphite component's mechanical behaviors under in-core working conditions. The graphite components are subjected to high temperature load and fast neutron irradiation load simultaneously when the reactor operates. High temperature and irradiation not only create significant internal stresses, but also change the physical properties of graphite in evidence. The graphite component might deteriorate into failure if the internal stress accumulates to a certain extent. Most of graphite properties significantly change in high temperature and neutron irradiation conditions, and the changing of properties makes the behavior of graphite component more complex [2] . Meanwhile, creep also plays a decisive role in the process. The majority of internal stresses can be relaxed by creep [3] .
The mechanical analysis procedure of graphite component is sketched in Figure 1 . The process consists of two steps. The first is stress analysis. The parameters of graphite (including Young's modulus, Poisson's ratio, the coefficient of thermal expanding, the irradiation-induced deformation, and the thermal conductivity), the geometric parameters (as the geometric model of graphite brick and finite element meshing), and the environment parameters (i.e., the boundary conditions for calculation, including temperature distribution and neutron dose distribution) are used as input data. Stress distribution and development history can be obtained after finite element analysis (FEA) calculation. Establishing a practical constitutive law is the key for this step. The thermal strain, irradiation-induced strain, and creep strain must be considered in the constitutive law. The second step is reliability analysis. In this step, the stress distribution gained in the first step is used as source data, and the reliability is estimated by form of failure probability or service life of graphite component [4] . Both deterministic and probabilistic methods have been accepted in engineering standards and codes, but the probabilistic method is commonly regarded as the more suitable tool to evaluate the mechanical behaviors of brittle materials like graphite, due to the failure of brittle materials usually occurring within a certain range of stress rather than a specific stress value (i.e., the intensity value) [5, 6] . Two kinds of probabilistic reliability models, the Weibull model and the Burchell model, are reviewed in the present paper. A MSC.MARC based finite element code INET-GRA3D has been established in INET, Tsinghua University, to numerically study the mechanical behavior of graphite component in HTRs [7] . A candidate design of pebble-type HTR's graphite brick is selected to develop a three-dimensional finite element geometric model. Both analysis steps are implemented in the code. Various creep models and reliability models are contained in order to compare the results. In Section 2 of this paper, the constitutive law and creep models are reviewed and the main formulae of three graphite creep models are introduced. In Section 3, both Weibull model and Burchell model are reviewed in detail. In Section 4, the geometric model, boundary conditions, and initial data are summarized. Two kinds of graphite, ATR-2E and H-451, are selected as demonstration materials for HTR side reflector since their calculation-required original data are comprehensive. The results of different graphite types are calculated with different models. The results, analysis, and model assessment are given in Section 5. Stress distributions, stress history, and the corresponding failure probabilities are calculated and compared. In Section 6, there are the conclusions.
Review of Constitutive Law and
Creep Models 
where is the stress tensor and ( , ) is the elastic matrix as a function of temperature and neutron dose . The total strain tensor is composed of the elastic strain , the thermal strain , the irradiation-induced strain , and the creep strain . The incremental form of (1) is
and is simplified and expressed as ( , ) in calculation, where is the coefficient of thermal expansion (CTE) depending on and .
is obtained by experimental data of dimensional change rate. Equation (2) is used in finite element calculation.
Creep Models.
The creep phenomenon greatly impacts the behavior of graphite under high temperature and neutron irradiation conditions. With the accumulation of neutron irradiation dose, the internal stresses of graphite component grow rapidly, making the failure probability increase significantly. However, most of the internal stress can be released by the action of creep. In the past few decades, researchers set up several mechanical models to describe creep behavior. Some models are based on fitting experimental data (as the linear viscoelastic model and the M2 model), some are approximation or correction of some other model (as the UKAEA model and the Kennedy model), and others are set up with microscopic theory (as the Kelly-Burchell model) [3] . In the present paper, the linear viscoelastic model, the UKAEA model, and the Kennedy model are reviewed, applied in simulation, and assessed. 
where and are constants. The saturated value of is always same with elastic strain ; this indicates = 1 [9] .
is the secondary creep coefficient, which is related to and . Equation (3) is the expression of linear viscoelastic creep model; "linear" denotes that there is a linear relationship between and . In order to simplify the calculation, the true creep strain is represented as
It has been shown that (4) is consistent with experimental stress-strain curve [10] . The experimental data of is required in the viscoelastic model. The data is limited, which means the linear viscoelastic model is applicable only to a few types of graphite. However, in any case, the linear viscoelastic model is always the most intuitive method to reflect the experimental results. 
and are Young's modulus and creep coefficient in some specific region, respectively [11] . Their possible values are selected at neutron dose point 1 × 10 21 n⋅cm
is Young's modulus structure factor given by ( , )/ . Equation (4) can be rewritten as
Kennedy Model.
The percentage volume change Δ / of graphite is used as the substitution parameter in the Kennedy model [12] . is given as
Under fast neutron irradiation, the volume of graphite shrinks first and expands later. (Δ / ) in (7) stands for the maximum volume shrinking. is an empirical constant and varies with graphite grade. In this paper, = 0.75 [3] . Equation (4) can be rewritten as
Review of Reliability Models
The failure probability is usually used to express the reliability of graphite component. A graphite brick is divided into many integration points in the FEM calculation, and the total failure probability is a summation of all integration points' failure probabilities. There are mainly two completely different ideas to study the failure behavior of graphite: one is based on fitting experimental results of unirradiated graphite specimens (as the Weibull model), and the other proceeds from the microscopic mechanism of graphite rupture and connects the microcrack of crystal lattice with macrofailure (as the Burchell model).
The destructive testing of graphite specimen shows that there is an S-shape relationship between the failure probability and the tensile stress. Figure 2 is the tensile destruction curve of H-451 graphite, an extrusion forming nuclear graphite. The failure probability increases from 0 to 100% when the stress rises from 10 MPa to 20 MPa. The stress corresponding to 50% failure probability, ∼16 MPa, is always defined as the mean strength point.
Weibull Model. The fitting curve method is used in
Weibull model. The failure probability at number integration point of graphite brick can be designated as
where and are two Weibull parameters. is a shape parameter and is the characteristic strength value. Both parameters arise from the fitting experimental curves like Figure 2 . With logarithmic transformation, (9) changes into the form of
corresponding to the straight line equation ( ) = + . 1 − indicates the survival probability of graphite specimen. Thus, the parameters ( , ) can be obtained by fitting experimental data ( , ).
The survival probability of the graphite component is
where is the representative volume of integration point and is the volume of graphite component; = ∑ . The failure probability of the graphite component is then expressed as [13] 
As the two parameters and are contained, (12) is known as the two-parameter Weibull model, which is used in the German HTR code draft KTA-3232 [14] to generate a value of failure probability for graphite components in HTRs. Another Weibull model, called three-parameter Weibull model, has been proposed in ASME code 2010, HHA-II-3000 [15] . The failure probability in (9) is modified as
where the third parameter 0 is called the threshold parameter, representing the stress value corresponding to low failure probability in Figure 2 . The failure probability of the graphite component is
However, only two-parameter Weibull model will be used in this paper's calculation because of the lack of 0 's experimental data.
Burchell
Model. The Burchell model, which is founded from the microfracture mechanism of graphite, is an evolution of the Rose and Tucker fracture model which was developed in the 1970s [5] . It has been verified that the Burchell model is able to simulate the tensile test results in Figure 2 very well [13] .
Each integration point of graphite FEM model is regarded as comprising of a pile of graphite particles with magnitude mm or even less. The particle is so small that the anisotropy of graphite's microstructure is expressed. Each particle contains a so-called "weakness plane" which parallels the a-axis of the particle (parallel to the layer of carbon atoms) and is oriented at angle to the fracture exposure. The starting points of microstructural fracture, a great deal of pores, are randomly distributed in the graphite particle matrix. Cracks extend by tearing the particles on their way along with the weakness planes. A graphite particle matrix which contains particles and pores is shown in Figure 3 . and are the mean filler particle size and pore radius, respectively. When stressed at a level , a particle's fracture probability along the weakness plane is [16] 
where is known as the critical stress intensity factor which reflects the resistance capacity of a particle against cracks. is a stress intensity factor associated with a pore. is defined as
The limits of particle fracture probability in (15) must be defined as follows: when ≤ , = 0, the particle cannot be broken; when ≥ 2 √ 2 , = 1, the particle will certainly break; when ≤ ≤ 2 √ 2 , the corresponding probability of fracture is . If there are particles along the crack width row (or depth for Figure 3) , the failure probability of the row is
where can be regarded as = / and is the representative size of integration point. Equation (17) indicates the chance for the crack to move forward a length . The crack will extend only if each particle along the way of extending is torn. With the crack propagating, the crack size will increase from to + , = 1, 2, 3 . . .. The probability of crack extending rows of particles can be derived as
where and are constants for a particular kind of graphite, but inevitably is distribution data. There exist many initial pores in unirradiated graphite. The pores are considered to be the origin of cracks. In order to characterize the dispersion characterization of pore size, a probability function ( ) is defined as
where 0 is the mean pore size and is a statistical parameter reflecting the spread of 's distribution. The probability that the size of a pore falls between and + is ( ) . The chance that a single pore tears an integration point under stress is The survival probability of the integration point is
As each pore has two sides, there is a square in the right side of (21). If is defined as the number of pores per unit volume and is the volume of integration point, is the amount of pores in the integration point. The total fracture probability of the part is
The graphite component possesses many integral parts whose volumes and stress levels are different. Therefore, the survival probability of the component can be derived by multiplying principle [17] :
And the total failure probability of the graphite brick is
Nine graphite parameters are required when calculating the reliability of graphite components with Burchell model, most of which are microparameters. The initial data of H-451 graphite will be given in Section 4.
Finite Element Calculation
The finite element modeling of graphite brick, the boundary conditions, and some initial data of graphite will be described in this section. A three-dimensional finite element model is established according to a candidate design of the pebblebed HTR graphite side reflector. The FEM geometric model is simplified to a certain extent in order to reduce the amount of calculation. Figure 4, of 30 full power years' service life (EOL). The left side of the brick neighbors reactor core while the right side neighbors peripheral carbon bricks. The inner hole is for the control rod and the other hole serves as helium path. The temperature of the core side is 450 ∘ C while the outer side is 280 ∘ C. Another boundary condition, the neutron dose, is also distributed nonuniformly. The maximum fast neutron dose at the core side reaches 1 × 10 22 n⋅cm −2 (EDN) at EOL and decreases in radial direction of the core towards the outside, following an exponential law. The neutron dose unit EDN is the abbreviation of equivalent DIDO nickel dose. EDN has a transformation relation with another neutron dose unit dpa (displacement per atom) [3] :
FEM Model and Boundary Conditions. A symmetric FEM geometric model is shown in
1 × 10 22 n ⋅ cm −2 (EDN) ≅ 13 dpa.(25)
Model Selection and Parameter
Values. Two types of graphite, ATR-2E and H-451, are selected in this paper to simulate the behavior of graphite and validate the models. As different types of irradiation experiments have been carried out for various types of graphite, the resource data of different types of graphite is not the same. That indicates that not every kind of graphite can be simulated with all models. For example, it is unable to simulate the irradiation creep behavior of H-451 graphite brick with the viscoelastic model due to the lack of 's experimental data of H-451 graphite.
The graphite types and corresponding calculation models are listed in Table 1 . The calculation of ATR-2E graphite focuses on the comparison of three different creep models, while the calculation of H-451 graphite focuses on the comparison of two different reliability models. The calculation results and model comparisons are summarized in Section 5. The two Weibull parameters of graphite are obtained by tensile test. The values for ATR-2E and H-451 are shown in Table 2 .
The Burchell parameters of H-451 graphite are shown in Table 3 , including all nine parameters required. Some of the parameter values change after neutron irradiation, and the variation and new values are induced in [16] . It is worth noting that the value of rises to 0.42 MPa⋅m 1/2 at a low dose level 10 20 n⋅cm −2 (EDN).
Results and Comparisons
The internal stress distribution of graphite brick at EOL is shown in Figure 5 as an example. The result shown in Figure 5 is obtained with ATR-2E graphite and the linear viscoelastic model. The stress distribution and concentration areas gained by other cases are the same. The stress concentrates in two areas in each case, and the stress concentrative points A and B are selected to analyze the stress history.
Results of ATR-2E
Graphite. The stress history of points A and B is shown in Figure 6 . The stress development processes of two stress concentrative points are completely different. The stress on point A slightly increases and then decreases to initial value in the first 15 years and rises rapidly thereafter.
The maximum stress value appears at EOL and reaches about 6 Mpa. Although various kinds of raw data are used in different creep model calculations, the stress results are very close to each other. It is hard to tell which stress value among the three ones is higher from stress diagram of point A.
On point B, the stress increases continually in most of graphite brick's service time but declined slightly near EOL. The peak value reaches 8-9 MPa, 30% higher than peak value on point A. the highest stress, while the UKAEA model gives the lowest. However, the model error is no more than 10%, which will not negative the validity of any creep model. Figure 7 shows the reliability analysis results of ATR-2E graphite brick. The failure probability rapidly grows in the first 20 years, followed by a decline near EOL. The failure probability calculated by the Kennedy model is the highest with peak value exceeding 10 −7 , while the failure probability by the UKAEA model is the lowest with peak value 4.5 × 10 −8 . Different creep models not only give exactly the same failure probability change trend, but also present very close results. This means that each creep is effective and competent for engineering design. In addition, if one feels like getting the most conservative design, selecting the Kennedy creep model is recommended.
Results of H-451
Graphite. It is shown in the previous calculation that each of the three selected creep models is valid for design. Therefore, only the Kennedy creep model is adopted in the calculation of H-451 graphite brick's mechanical behavior. The points A and B's internal stress development curves of H-451 graphite brick are shown in Figure 8 . The changing process of stress on point A is very similar with that of ATR-2E graphite. The peak value is also ∼6 MPa, result at 15 years' service time. The peak value reaches 10 −6 , still far from the threshold value 10 −4 which is determined in [15] .
Conclusions
Along with the advance of technology, the HTR is oriented to modularization, miniaturization, integration, and other new development direction. The safety of reactor structural components is one of the most important focuses in the meantime. The reliability of graphite component is directly related to the integrity of the reactor core and affects the safety of the entire reactor. When the reactor is on operation, the graphite components are exposed to high temperature and fast neutron irradiation. The temperature and irradiation load will not only create an accumulation of stresses, but also dramatically change the nature of graphite. Creep will also influence the whole process of mechanics at the same time. A comprehensively constitutive model calculation, including elastic behavior, thermal strain, irradiation deformation, and creep phenomenon, must be established in order to properly simulate the mechanical behavior of graphite component and predict the internal stresses and failure probability.
Three creep models and two reliability models are reviewed, applied, and compared in the present paper. Two types of graphite, ATR-2E and H-451, are selected as the demonstration material for calculation. The main conclusions of graphite component's mechanical analysis and model comparisons are provided. It is shown in the stress analysis procedure that all three creep models can be used for stress prediction and engineering design. The Kennedy model is the most conservative one. In the reliability analysis procedure, the results obtained by both reliability models are in satisfactory agreement and both much lower than the threshold value 10 −4 . The discrepancies on the specific values indicate that the Burchell model leads to the failure probability more sensitive to stress (or neutron dose) than that of the Weibull model.
In addition, more models have been established but still lack for engineering design experience, as the Kelly-Burchell creep model and M2 creep model for stress analysis and the three-parameter Weibull model for reliability analysis. Other practical models are still being established as well. There is still much further work that can be carried out in terms of model application and assessment.
